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Abstract 
In the present work it is described the production of MgB2 samples by using the mixture of MgB2 with other 
diborides, (TaB2, VB2, and AlB2) which have the same C32 hexagonal structure as the MgB2, and simultaneous 
addition with the diborides and SiC, that contribute with C, to replace B in the crystalline structure of the matrix. As 
an important result, the critical current density (Jc) was improved at low magnetic fields when just the diborides are 
added. However, when SiC is added simultaneously with the diborides, the result is the improvement of Jc at high 
fields. The critical temperature (Tc) was maintained high. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes. 
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1. Introduction 
Since the discovery of superconductivity in the MgB2 in 2001 [1], this superconductor is receiving 
attention due to the exceptionally high values of the critical field (>40 T) and critical temperature       
(§35-40 K). This material is a suitable candidate to replace Nb3Sn or NbTi as the choice for practical 
large-scale application in the range of 20-30 K, operating with cryogenic refrigerators. 
In type II superconductors, as for MgB2, the intensity that the magnetic flux lines are pinned in the 
materials defines the maximum critical current density that the material can carry under  a certain  applied 
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magnetic field (H). The pinning is due to defects in the superconducting material, which comprise: 
precipitates of normal phases (or with distinct properties when compared to the superconducting phase), 
grain boundaries, dislocations, or other heterogeneities of the superconducting matrix [2,3]. The 
optimization of magnetic flux pinning in these conductors is of vital importance for the improvement of 
their critical currents [4]. In the case of granular superconductors, such as the MgB2, it is also important to 
improve densification and grain boundary connectivity [5]. The processing scheme and the introduction 
of defects in the superconducting matrix can influence the flux pinning efficiency and grain connectivity, 
also affecting the stoichiometry of the superconducting phase, changing its resistivity, upper critical field 
(Bc2) and critical temperature (Tc), important properties and characteristics for practical applications [6,7].  
The idea to add small-size normal particles to the MgB2 phase, acting as pinning centers, has been 
realized firstly by Dou et. al. [8] with nano-size SiC particles. Many research teams have used the same 
material and also attributed the Jc enhancement to the pinning centers [9-12]. Later, more accurate works 
found that the SiC is decomposed during the sintering treatment and carbon atoms are partially replacing 
boron in the MgB2 crystalline structure [13]. Following this line, several groups around the world have 
been investigating different sources of carbon, like amorphous carbon [14,15], graphite [16,17], carbon 
nanotubes [18-20], diamond [21], carbon nanohorns [22], silicon carbide [8,12,19], and more recently the 
organic compounds [23,24]. 
The addition of materials with AlB2–type crystalline structure has not been exhaustively investigated, 
but some previous works reported the use of ZrB2 [25-27] and TaB2 [28]. In these works the additions of 
the diborides were efficient, improving the magnetic flux pinning and, consequently, the transport 
properties of these superconductors. 
In the present work it is described a methodology to optimize the critical current densities under high 
and low magnetic fields. The method uses the mixture of the MgB2 superconductor with other diborides 
as dopants, which have the same C32 hexagonal crystalline structure as the MgB2, and SiC, that may 
contribute with C, to replace B in the crystalline structure of the matrix. The mechanical mixture of the 
powders, obtained by high energy ball milling, followed by heat treatment in a Hot Isostatic Press (HIP), 
were used to improve the connectivity and densification of the final samples, in an attempt to enhance the 
critical current densities and, in addition, the upper magnetic critical field (Bc2) of these new materials.  
2. Experimental procedure 
MgB2 samples were developed and analyzed with addition of other diborides (TaB2, VB2, and AlB2) 
and a simultaneous addition with the diborides and silicon carbide (SiC). The samples were prepared 
using, pre-reacted powders of MgB2, TaB2, VB2, AlB2 and high purity SiC, all powders produced by 
Alfa-Aesar. The powders of MgB2 were mixed to the MeB2 following the Mg1-xMexB2 ratio, where            
x = 0.05, correspond to the atomic concentration of the doping element (Me). In some samples, 10 wt.% 
of SiC was added besides MeB2, contributing as a C source. 
The mixing process of powders were performed with a high energy ball mill, SPEX 8000D, following 
the ball:powder mass ration of 3:1. All steps, including the preparation and mixture of the powders, were 
realized in a nitrogen-controlled-atmosphere glove-box, in order to reduce the contamination and 
formation of undesired phases. The powders were compacted using a Cold Isostatic Press (CIP) under 
pressure of ~30 MPa. The heat treatment was performed in a Hot Isostatic Press (HIP), using slow heat-
up with a 0.5°C/min rate to the maximum temperature of heat treatment (HT), treated at 1000ºC/24h 
under a pressure of 30 MPa, slowly cooled-down at 0.2ºC/min rate to room temperature, to recrystallize 
and form the final phases, as well promoting the densification and the good intergrain connectivity. Table 
1 shows the MgB2 samples produced and analyzed in this work. 
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X-ray diffractometry (XRD) was used to analyze the samples in an attempt to determine the formation 
of phases and the structural changes. The analysis were made using Cu-KĮ X-ray radiation (1.5417 ǖ), 
scanning between 20º and 80º, and angular step of 0.02º in 2ș with 1s of counting per point, in a STOE 
diffractometer. The crystal structure refinement of all samples were performed from the X-ray 
diffractograms (XRDs) using the Rietveld method through the FullProf refinement software (freeware). It 
was possible to extract an estimate for the sample’s lattice parameters and composition of the phases.
Table 1. MgB2 samples and heat treatments. 
Samples Renamed 
MgB2 - unmilled Mg_Un 
MgB2 – pure milled Mg 
MgB2+10wt%SiC SiC 
MgB2+5at.%TaB2 Ta 
MgB2+5at.%VB2 V 
MgB2+5at.%AlB2 Al 
MgB2+5at.%TaB2+10wt.%SiC TaSiC 
MgB2+5at.%VB2+10wt.%SiC VSiC 
MgB2+5at.%AlB2+10wt.%SiC AlSiC 
The microstructural and compositional analysis of the samples after heat treatment were made using a 
scanning electron microscope (SEM) model LEO 1450VP with an Oxford energy dispersive spectrometer 
(EDS). The analysis were made using a detector of backscattered electrons. These analysis were 
important to verify the homogeneity, composition and granularity of the samples after heat treatment. 
The superconducting characterization was performed using a Quantum Design 9T PPMS. The critical 
temperatures Tc were extracted as the onset of the zero field cooled (ZFC) transition from the DC 
magnetization versus temperature curves measured under an applied magnetic field at 50 Oe. DC 
magnetization loops versus applied magnetic field at 4.2K were used to extract the Jc (H,T=4.2K) vs. µ0H
curves using 
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where MΔ  is the difference of magnetization in a given field, a1 and a2 are the width and thickness, 
respectively, of the rectangular-shaped section extracted from the samples. This equation follows the 
Bean critical model [29]. 
3. Results and discussion 
Table 2 shows a compilation of the results found for the X-ray diffractograms refinement using the 
Rietveld method for all samples with addition of new elements and different heat treatment conditions. 
All samples showed some MgO contamination, as a result of the preparation process and the possible 
reactions with H2O and CO2 to form MgO, due to the easy reaction of magnesium with oxygen. The 
structural refinement estimates the MgO content for all samples.  
Samples with addition of AlB2 have no important changes in the MgB2 lattice parameters. This means 
that, probably, the content of the diborides added into the mixture was not enough to promote the dopping 
in the matrix or the binary phase of the diborides and the MgB2 are immiscible. On the other hand, the 
samples with addition of TaB2 and VB2 show an increase in the a lattice parameter of the MgB2. An 
explanation can be attributed to the doping of the MgB2 phase with the diboride elements (Ta an V), 
where the Me atom can be replacing Mg in the crystalline structure of the MgB2. The Mg atom 
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replacement by Ta or V atoms can be explained by the atomic radius (Mg = 1.72 Å, Ta = 2.09 Å, and V = 
1.92 Å). 
Figure 1 shows a comparison between the micrograph of the pure MgB2 unmilled and milled samples 
using the secondary electrons detector. It can be seen that the high energy ball milling induces an 
extremely good homogenization of the superconducting phase, and high densification. The good 
intergrain connectivity and the low number of holes are an evidence that the process using high energy 
ball milling followed by heat treatment at high temperature and pressure was extremely efficient to form 
pellets of good quality.  
Analysis with EDS pointed to the formation of some random wafers of MgO on the MgB2 grains, 
although this phase has no significant influence on the intergrain connectivity in this type of samples. An 
extremely dense matrix can be seen by the Mg sample (Figure 1b) micrograph, where small regions of 
MgO phase are present. These defects in the superconducting matrix can be used as a flux pinning 
network to the magnetic flux lines penetrating the material under a certain applied magnetic field, 
improving the current transport properties, depending on the size of these phases.  The coherence lengths 
of the MgB2 ( abMgB2ξ ≈ 6.5 nm e cMgB2ξ ≈ 4.0 nm) would be the perfect size for these defects, because the 
proximity effect could induce the superconductivity in these regions, improving the maximum critical 
current densities that the material could carry under an applied magnetic field.   
Table 2. Results of the structural refinement for the MgB2 samples. 
Samples MgB2 MeB2 MgO MgB2
wt.% wt.% wt.% a (ǖ) c (ǖ) 
MgB2 unmilled 90.5(9) ---- 9.5(3) 3.0861(1) 3.5251(1) 
MgB2 pure milled 88.9(6) ---- 11.1(1) 3.0803(4) 3.5245(5) 
MgB2 + TaB2 72.7(3) 17.5(2) 9.7(6) 3.0844(4) 3.5265(6) 
MgB2 + VB2 77.8(9) 5.3(3) 16.9(3) 3.0816(5) 3.5271(6)
MgB2 + AlB2 87.3(8) 0.1(2) 12.6(2) 3.0807(5) 3.5239(6) 
Figure 2 shows the normal-to-superconductor phase transition, where the critical temperatures Tc were 
extracted as the onset of the ZFC transition. It can be seen that the samples with addition of SiC have the 
values of Tc smaller by a factor around 5K, when compared to the samples with no SiC additions, that can 
be a consequence of the C doping. The additions of the diborides do not influence the values of Tc.  
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Figure 1. Microstructure of the pure MgB2 samples:              Figure 2. DC magnetization versus temperature curves measured 
(a) Mg_Un (unmilled), and (b) Mg.                              at 50 Oe for some MgB2 samples after heat treatment. 
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Figure 3 shows the critical current density versus applied magnetic field curves at 4.2 K for some 
MgB2 samples. Comparing the milled and unmilled samples, it can be seen that the process of high energy 
ball milling produced samples with good critical current characteristics at high magnetic fields, mainly 
due to the promotion of much better intergrain connectivity and to the enhancement of the material 
density. The MgB2 doping with VB2 showed a worsening in the superconducting characteristics of the 
material, producing a phase that is not favorable to the superconductivity. The simultaneous doping with 
VB2 and SiC improved the superconducting characteristics of the material, compared to the sample with 
just VB2 addition, but not enough to be compared to pure MgB2 sample, for example. On the other hand, 
these conditions were efficient to samples with simultaneous additions of AlB2 and SiC, and TaB2 and 
SiC, which improved the superconducting characteristics at low and high magnetic fields, compared to 
the pure MgB2 sample.  
However, the TaB2 doping showed a significant enhancement in the critical currents of the material at 
low magnetic fields. This type of behavior is important for practical applications in magnetic resonance 
imaging systems (MRI), working at magnetic fields in the range of 0.5 to 2.0 T. The addition of 10wt.% 
of SiC in the MgB2 sample showed the best behavior at high magnetic fields. The simultaneous addition 
of SiC and diborides improved the critical current densities of all materials at high magnetic fields. One 
can see the crossover of the curves generated by the dopants with that of the pure MgB2 (Mg_Un) at 
fields ranging from 2 to 4T, leading to lower values of Jc for the doped samples at low magnetic fields. 
The only exception is for the TaB2 doping, showing an important and useful behavior for all fields.  
The determination of the pinning forces (Fp) versus the applied magnetic fields (μ0H) is extremely 
important to the superconducting characterization of the samples because the capacity of the material self-
maintain in the superconducting state is limited by its magnetic flux pinning, which is intimately 
connected to the transport characteristics of the material. Figure 4 shows the curves of volumetric pinning 
force versus applied magnetic field for the MgB2 samples. The sample doped with TaB2 presented the 
highest values of pinning force at low magnetic fields, while the sample with addition of SiC presented 
the best values at high magnetic field. According to Dew-Hughes [30], it is possible to estimate the 
magnetic pinning mechanism acting in the material analyzing the behavior of the Fp vs. μ0H curves. The 
behavior found for most samples was a flux pinning mechanism acting essentially due to the grain 
boundaries [30]. However, some samples had different behaviors, leading to new and different pinning 
behaviors connected to the addition of the diborides and SiC. These additions can be creating new pinning 
centers, that must be better understood through TEM analysis.  
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Figure 3. Critical current densities versus applied magnetic field           Figure 4. Volumetric pinning force versus applied magnetic 
                for MgB2 samples after heat treatment.                                                   field for MgB2 samples after heat treatment. 
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4. Conclusion 
It could be concluded that the high energy ball milling was efficient for the mixture of powders and 
contributed to the final crystalline structure, maintaining the hexagonal structure, and generating dense 
samples with good intergrain connectivity. The preparation process of MgB2 superconductors and the 
doping with diborides and silicon carbide were efficient, improving the critical current densities under 
applied magnetic fields, maintaining the critical temperatures at high values. Finally, it could be 
concluded that the samples doped with just TaB2 showed high values of Jc under low magnetic fields, 
while the samples with addition of SiC showed the best values of Jc under high magnetic fields. The 
magnetic flux pinning acting in the material is essentially due to the grain boundaries. The results at low 
fields are new and important for applications, like for magnetic resonance imaging systems. 
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